Habituation, a form of non-associative learning, is observed throughout the animal kingdom. However, in contrast to associative learning, little is known about the underlying molecular mechanisms. Using the appetitive proboscis extension reflex in honeybees, we show that the cAMP-dependent protein kinase A (PKA) in the antennal lobe (AL) is implicated in the graded decline of behavioral response during habituation. Repeated stimulation leads to a slow and gradual increase in PKA activity superimposed on a fast transient PKA activation induced by each stimulus. These temporally distinct components of PKA activation are pharmacologically dissectible and are restricted to the AL on the stimulated side. Whereas the transient PKA activation induced by each stimulus requires monoaminergic transmission, the slow component of PKA activation is mediated by the nitric oxide (NO)/cGMP system. Local manipulation of the slow component of PKA activation in single ALs specifically interferes with the dynamic of habituation on the corresponding side. Our results provide strong evidence that NO/ cGMP-mediated PKA activation in each AL contributes to temporal signal integration during habituation. Dishabituation by a sensory stimulus or spontaneous recovery from habituation does not require the PKA cascade. This provides evidence that the mechanisms underlying dishabituation and spontaneous recovery differ from those underlying temporal signal integration during habituation of the proboscis extension response.
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Habituation is a gradual decline in a behavioral response resulting from repeated stimulation of a reflex pathway (Thompson and Spencer, 1966; Groves and Thompson, 1970) . Paradoxically, compared with more complex forms of learning, the molecular mechanisms underlying habituation are not well understood. Most of what we know about the neural basis of habituation comes from investigations of the gill and siphon withdrawal reflex in Aplysia (Castellucci et al., 1970; Carew et al., 1972) and the crayfish escape reflex (Krasne, 1969) .
Early work in Aplysia demonstrated that repeated electrical stimulation of isolated sensory neurons causes a decrease in the calcium current and thus a reduction of transmitter release (Boyle et al., 1982; Byrne, 1982; Rayport and Schacher, 1986) . This was in agreement with the observation that habituated animals show fewer vesicles in the active zone of sensory neurons than control animals do Chen, 1983, 1988 ) and pointed to a critical role of homosynaptic depression in sensory neurons. However, recent work in Aplysia show that sensory neurons exhibit heterosynaptic facilitation rather than homosynaptic depression during habituation . This provides evidence that plastic changes contributing to habituation occur at the level of interneurons and suggests that several mechanisms distributed within a neural circuit contribute to habituation.
The neural circuit implicated in habituation of mechanosensory signals has been identified in great detail in the nematode Caenorhabditis elegans (Chalfie et al., 1985; Wicks and Rankin, 1995; Rose and Rankin, 2001) . Both the touch withdrawal response and the tap withdrawal response use a very similar network of identified neurons. Although the connectivity and the roles of each of these identified neurons are characterized, the molecular mechanisms contributing to habituation of the withdrawal response are unknown.
In Drosophila, a variety of different habituation paradigms, including proboscis extension reflex (PER) (Duerr and Quinn, 1982) , landing response (Asztalos et al., 1993) , visual escape jump Wu, 1996, 1998) , and a reflex controlling leg position (Jin et al., 1998) have been investigated. The neural circuits that mediate the behaviors are very complex and hardly accessible using physiological techniques. These complex circuits, and the fact that all mutants with defects in signaling pathways implicated in synaptic plasticity and learning (Davis, 1996) also affect habituation, make it difficult to dissect the specific contribution of the various signaling cascades with respect to habituation.
In this work, we demonstrate that the cAMP cascade contributes to habituation of the PER in honeybees (Braun and Bicker, 1992) . Whereas a single appetitive chemosensory stimulation applied to one antenna elicits the extension of the proboscis, repeated stimulations lead to a gradual decrease in responsiveness. We now show that the decrease in response probability during habituation correlates with a slow and gradual increase in protein kinase A (PKA) activation in the stimulated antennal lobe (AL). The latter is mediated by the nitric oxide (NO)/cGMP system within the circuitry of each AL. Interestingly, the PKA cascade in the AL selectively contributes to temporal signal integration during habituation but is not involved in mechanisms underlying dishabituation and recovery from habituation.
MATERIALS AND METHODS
Materials. ODQ [1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one] was purchased from Alexis (Grünberg, Germany). K T5720, K T5823, K N 93, bisindoylmaleinimide, Rp-8-BrcAM PS, Rp-8-BrcGM PS, caged cAM P, and caged cGM P were from C albiochem (Bad Soden, Germany). C aged nitric oxide I was from Molecular Probes Europe (Leiden, The Netherlands). [␥- 32 P]ATP (5000 C i /mmol) was purchased from N EN Life Science Products (Brussels, Belgium). PK A inhibitor peptide, PK I (6 -22), N-nitro-L-arginine (NOArg), and all other chemicals were obtained from Sigma (Deisenhofen, Germany).
Animal treatment and sensor y stimulation. Adult foraging honeybees (Apis mellifera carnica) were caught the day before the experiment, immobilized by cooling, and harnessed in metal tubes with a strip of tape between the head and the thorax. In the evening, they were fed with sucrose solution (1.4 M) to satiation and kept in darkness in a container at 70% relative humidity and 20 -25°C. Three hours before the experiment, they were fed with 3 l of sucrose solution (1.4 M). For sensory stimulation, sucrose solution (0.6 M) was applied to one antenna using a wooden toothpick. Stimulus duration was ϳ0.3-0.5 sec. Unless otherwise indicated, an interstimulus interval (ISI) of 2 sec was used. Habituation is defined using a criterion of five consecutive response failures. To determine PK A activity, bees were frozen in liquid nitrogen at times as indicated in Results. To test for differences between the different groups, ANOVAs were performed followed by appropriate post hoc tests.
Injection procedures. Systemic injections into the hemolymph (1 l) and local injections into the AL (1 nl) were performed as described previously (Müller and Hildebrandt, 1995) . For injections into the AL, glass microcapillaries connected to a Picosprizer (General Valve, Fairfield, NJ) were used. The microcapillary was introduced through a small window cut dorsally just above the antennae in the bee's head capsule. Coinjection of bromophenol blue enabled the visual control of AL injections through the window in the cuticula using a stereo microscope. Only animals that show a distinct staining restricted to the injected AL (Ͼ70% of the injected animals) were used for the experiment. After 5 min recovery, response to single stimuli was tested. Animals showing no response were discarded (Ͻ 5%).
Photol yzing substances in the antennal lobes in vivo. To allow illumination of the AL, a small window was cut into the head capsule dorsally above the antennae 1 d before the experiment. Tracheae and neurolemma covering the brain were left intact. Ringer's solution alone or Ringer's solution containing the caged compound was injected into the hemolymph 20 min before photolyzing. A UV flash (T.I.L.L. Photonics, Planegg, Germany) was used as light source. The collimated output of the UV flash enters the photoadapter port of a binocular (40ϫ) used to focus the flash on an AL. An aperture with a hole in the plane of focus enables local illumination of a single AL immediately before the habituation session. The intensity of illumination and thus the appropriate amount of substance released in the AL was determined by measuring the effect on PK A activation in the appropriate AL (Müller, 2000) .
Preparation of antennal lobes. Heads frozen in liquid nitrogen were lyophilized, and the AL s were dissected under continuous liquid nitrogen cooling (Hildebrandt and Müller, 1995a) . Each AL was transferred into a glass capillary containing 10 l of extraction buffer (50 mM Tris-HC l, pH 7.5, 0.1 M NaC l, 1 mM EDTA, 1 mM EGTA, and 10 mM 2-mercaptoethanol) frozen in liquid nitrogen. The tissue was homogenized on the surface of the frozen buffer, and the capillaries were stored in liquid nitrogen until subsequent phosphorylation.
Determination of PK A activit y. The PKA activity in the AL was determined as described previously (Müller, 2000) . The tissue in the capillaries was thawed and immediately plunged into 10 l of phosphorylation buffer containing 1 Ci of [␥- 32 P]ATP (5000 C i /mmol), 30 M ATP, 20 mM MgC l 2 , 1 mM EGTA, and 10 mM mercaptoethanol in 50 mM Tris-HC l, pH 7.5, and 1 g of the PK A-specific substrate protein I-1. After 20 sec at 20°C, reactions were terminated by adding 5 l of SDS-PAGE loading buffer (0.5 M Tris-HC l, pH 6.8, with 5% mercaptoethanol, 5% SDS, 20% glycerol, and 0.1% bromophenol blue). After SDS-PAGE, 32 P incorporation into protein I-1 was quantified as described previously (Hildebrandt and Müller, 1995a,b; Müller, 2000) .
RESULTS
The cAMP/PKA cascade in the antennal lobes contributes to the habituation of the proboscis extension reflex
To identify the signaling cascade that mainly contributes to the habituation of the PER, we blocked different protein kinases known to play a role in neural plasticity. The inhibitors were tested for their specificity by appropriate kinase assays in vitro. After dilution within the animals, the concentrations used for injections inhibit the respective kinase activity by Ͼ80% as determined in the in vitro assays.
Only inhibition of the cAMP-dependent protein kinase (PKA) by inhibitors such as KT5720 (Fig. 1 A) or Rp-BrcAMPS (Fig.  1 B) has an effect on habituation. As expected, activation of PKA by systemic injection of BrcAMP has the opposite effect and accelerates habituation (Fig. 1 B) . Blocking cGMP-dependent protein kinase (PKG) with KT5823, Ca 2ϩ /phospholipiddependent protein kinase C (PKC) with bisindolylmaleinimide, or Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII) with KN 93, does not interfere with habituation. Neither excitability of the PER nor dishabituation is affected by the kinase inhibitors used.
Evidence from recent work suggests that the main circuit mediating habituation of the PER is located in the ALs (Braun and Bicker, 1992; Müller and Hildebrandt, 1995) . Therefore, we tested whether local manipulation of PKA activity in the ALs causes the same effect as the systemic application of drugs. Injection of Rp-BrcAMPS, an inhibitor of PKA, into one AL affects habituation at the ipsilateral side, whereas habituation of the contralateral side remains normal ( Fig. 1 B) . Accordingly, local uncaging of cAMP in one AL accelerates the habituation only at the ipsilateral side ( Fig. 1 B) . In both cases, the observed effects are not distinguishable from those caused by systemic injection. This points to a major contribution of the cAMP/PKA cascade in the ALs to habituation processes.
Repeated sucrose stimulation to an antenna induces a gradual increase in PKA activity in the corresponding antennal lobe
We demonstrated previously that a single sucrose stimulus applied to an antenna of a naive animal causes a very rapid and transient increase in PKA activity in the AL on the stimulated side (Hildebrandt and Müller, 1995a,b) . Mechanosensory or odor stimulation does not affect PKA activity in the ALs. Because interference with the cAMP/PKA cascade affects the time course of habituation ( Fig. 1 B) but not the response to the initial stimulus, we measured the temporal dynamics of PKA activation in the AL during the habituation session (Fig. 2 A) .
The temporal dynamics of PKA activation induced by the first and the fifth stimulus is similar (Fig. 2 B) : in both cases, there is a fast transient increase in PKA activity that reverts within 1.5 sec back to the basal level of nonstimulated control animals (dashed line). Application of 30 stimuli in succession (ISI, 2 sec), which leads to a drastic reduction in response probability (Fig. 2 A) , drastically changes the temporal dynamics of PKA activation. In addition to the quickly decaying PKA activity induced by each stimulus, an elevated PKA activity is detectable (Fig. 2 B) . Because the latter decays over minutes (see also Fig. 4 ), we define it as slowly decaying component of PKA activation. In agreement with the behavioral results, repeated sucrose stimulation affects only PKA activation in the AL ipsilateral to the stimulated antennae.
Based on the finding that a single sucrose stimulus induces an octopamine-mediated, transient PKA activation in the AL (Hildebrandt and Müller, 1995a) , we tested how depletion of monoamines interferes with habituation of PER and the dynamics of PKA activation during a habituation session. Although reserpine injections (2 g/animal, 18 hr before test) slow down the spontaneity and the movement of the proboscis, sucrose stimulation fails to induce a PER in only a few animals (Ͻ7%). These animals were excluded from the experiment. The considerably higher ratio of nonresponding animals (ϳ30%) after reserpine injection observed by Braun and Bicker (1992) is most likely attributable to the different interval between injection and test (12 hr in contrast to 18 hr in our study).
In agreement with our previous findings, monoamine depletion eliminates the fast component of PKA activation induced by each sucrose stimulus (Fig. 2 B) . Interestingly, the slowly decaying component of PKA activation induced by repeated stimulation (Fig. 2 B) and habituation of PER (Fig. 2 A) is unaffected. Dishabituation and responsiveness to sucrose stimuli do not differ between the group treated with reserpine and the group injected with the vehicle (DMSO) alone. Moreover, injection of the vehicle (DMSO) affects neither basal PKA activity nor the fast transient PKA activation after sucrose stimulation (data not shown). Thus, the quickly and the slowly decaying components of PKA activation are pharmacologically dissectible. Whereas the quickly decaying PKA activation induced by each stimulus requires monoamine transmission, the slowly decaying PKA activation induced only by repeated stimulation is independent of monoamine-mediated processes.
Response probability during habituation correlates with the slowly decaying PKA activity
To support the idea that changes in response probability during habituation correlate with the slowly decaying component of PKA activity, response probability and PKA activation in the AL were determined. The animals were subjected to two subsequent habituation sessions separated by a dishabituating stimulus (Fig.  3) . The PKA activity in the ALs during the time course of habituation was determined in identically treated groups of animals killed at the end of the stimulus number indicated on the abscissa. To selectively determine the slow component of PKA activity, the animals were shock frozen in liquid nitrogen 5 sec after the end of the indicated stimulus number. During the time course of the first habituation session, the response probability decreases from 1.0 to 0.08 within 30 stimuli (Fig. 3A) . The decrease in response probability correlates with a gradual increase of the slowly decaying PKA activity in the AL of the stimulated side (Fig. 3B) . PKA activity in the AL of the unstimulated side does not change and remains at the level of unstimulated control animals.
A dishabituating stimulus to the contralateral antenna resets both the response probability and the increased level of the PKA activity in the AL of the formerly stimulated side. The second habituation session, immediately applied to the previously habituated side, shows a faster decrease in response probability (Fig.  3A) and a faster increase in the levels of the slow component of PKA activity (Fig. 3B) . For both habituation sessions, the response probability is highly correlated with the level of the slowly decaying component of PKA activity (Fig. 3C ). This is also true for ISIs of 1 and 3 sec (data not shown).
Spontaneous recovery from habituation
Another characteristic feature of habituation is the spontaneous recovery of the behavioral response. To test whether the slow component of PKA activity in the AL also correlates with the recovery at the behavioral level, both parameters were measured. Animals were habituated until they reach the criterion and, after distinct times of recovery, were habituated once more. Immediately after the first habituation session, the response probability of the stimulated side is very low (Fig. 4 A) . Approximately 5-6 min after the initial habituation session, recovery is complete and the number of stimuli required for the second habituation is similar Figure 1 . Involvement of second-messenger systems in habituation of the proboscis extension response. A, Thirty minutes before the habituation session, animals were injected (1 l each) with PBS alone or PBS containing the PKA inhibitor KT5720 (100 M), the PKG inhibitor KT5823 (500 M), the PKC inhibitor bisindoylmaleinimide (1 mM), or the CaMKII inhibitor KN93 (1 mM). For habituation, one antenna was repeatedly stimulated (ISI, 2 sec) with sucrose solution (0.6 M). The data points for each stimulus represent the average of the response probability of all animals in the respective group. The inset shows the mean Ϯ SEM of the number of stimuli required to fulfill the habituation criterion. Number of animals is indicated in each bar (ANOVA, p Ͻ 0.0001; *p Ͻ 0.0001, Scheffe's post hoc test). B, In the first experiment, animals received hemolymph injections (1 l each) of PBS, Rp-BrcAMPS (500 M), or BrcAMP (500 M). After 20 min, the animals were habituated (ANOVA, p Ͻ 0.0001; Scheffe's post hoc test, *p Ͻ 0.0001, Rp-BrcAMPS-and BrcAMP-injected groups differ significantly from each other and from the PBS-injected group). In a second experiment, the animals were injected with either (1 l each) PBS or caged cAMP (500 M). After 20 min, animals received light flashes onto one AL. Twenty seconds later, habituation was tested on both sides of each animal. In the third experiment, groups of animals receive local injections (2 nl) of either PBS or RpBrcAMPS (100 M) into one AL. Five minutes after AL injection, the animals were habituated on either side [ANOVA reveals significant differences between the flashed or injected side ( p Ͻ 0.0001) but not the nonflashed or non-injected sides ( p ϭ 0.34), respectively (*p Ͻ 0.0001, paired t test)].
to that of the first session. The half-time for recovery is ϳ2 min and does not differ between subgroups of animals that reach the criterion in the first habituation session with a mean of 12 stimuli (t (0.5) ϭ 2 min; n ϭ 18) or with a mean of 28 stimuli (t (0.5) ϭ 1.9 min; n ϭ 15).
The slow component of PKA activity in both ALs was measured at distinct recovery times in animals treated in parallel (Fig.  4 B) . Immediately after the first habituation session, the slow component of PKA activity in the AL of the previously habituated side is at its maximum. With recovery of response probability over time, the level of PKA activity decays until it reaches the level of the nonhabituated control or that of the unstimulated control (Fig. 4 B) . As shown in Figure 4C , the response probability and the level of the slow component of PKA activity in the AL are highly correlated (Fig. 4C) .
The NO/cGMP system mediates gradual PKA activation during habituation Given the strong correlation between the response probability in habituation and the PKA activity in the AL, drugs interfering with the cAMP/PKA pathway were tested for their effects on habituation. Systemic injection of membrane-permeable BrcAMP significantly accelerates habituation, whereas injection of Rp-BrcAMPS, a competitive antagonist of cAMP, slows down habituation compared with PBS-injected animals (Fig. 5A) . The same result was obtained using BrcGMP and Rp-BrcGMPS, which preferentially interfere with cGMP-dependent protein kinase PKG but also have effects on PKA (Müller, 2000) (Fig. 5B ). An implication of PKG in habituation is very unlikely, because only blocking of PKA activity (KT5720) but not inhibition of PKG activity (KT5823) causes a slowdown in habituation (Fig.  5C ). This suggests that BrcGMP and Rp-BrcGMPS most likely act on PKA, although a role of nucleotide-gated channels cannot be excluded.
In agreement with our previous findings (Müller and Hildebrandt, 1995) , inhibition of NO synthase (NOS) causes a slowdown in habituation (Fig. 5D) . The function of NO in habituation is supported by the observation that scavengers of NO slowdown response probability during habituation with the same kinetic as the other drugs interfering with habituation (Fig. 5E) . Because blocking the NO-regulated soluble guanylate cyclase using ODQ causes the same effect on habituation, the physiological function of NO is most likely mediated via cGMP (Fig. 5D ). This is in agreement with our finding that BrcGMP and Rp-BrcGMPS cause the same effect as BrcAMP and Rp-BrcAMPS (Fig. 5,  compare A, B) .
The high correlation between the slow component of PKA activation in the AL and the response probability (Fig. 5 , right panels) suggest that repeated stimulation modulates PKA activity in the AL via the NO/cGMP system. Again, none of the drugs used affect response probability to the initial sucrose stimuli or dishabituation.
The NO/cGMP system in the circuitry of each antennal lobe separately contributes to the gradual changes in response probability and PKA activation during habituation
In the previous experiments, the drugs interfering with the NO/ cGMP system were injected into the hemolymph and can thus exert their effects in brain areas other than the AL. To prove that the action of NO and cGMP is restricted to the circuit of a single AL, we locally uncaged cGMP and NO in a single AL shortly before the habituation session and measured the effects on response probability. Both the uncaging of NO and of cGMP in a single AL cause a faster decrease in response probability on the side ipsilateral to the stimulated antenna (Fig. 6) . Habituation on the contralateral side to the treatment does not differ from PBSinjected animals. This clearly demonstrates that the NO/cGMP system in each AL separately is implicated in the modulation of habituation on the corresponding side. To address the question whether NO acts via the guanylate cyclase, we systemically blocked the guanylate cyclase and locally uncaged NO or cGMP Figure 2 . Habituation of the proboscis extension response and the dynamic of PK A activation in the antennal lobes. A, Animals were injected with 1 l of PBS, DMSO, and DMSO containing 2 g of reserpine 18 hr before habituation. Sucrose stimuli were applied to one antenna until the habituation criterion was f ulfilled. The data points for each stimulus represent the average of the response probability of all animals in the respective group (20 animals each). Habituation kinetics did not differ between the groups (ANOVA, p ϭ 0.95). B, PK A activity in the antennal lobes of the stimulated and the unstimulated sides was determined at different times after the 1st, 5th, and 30th stimulus (see arrows in A). In each experiment, values were normalized to PK A activity in unstimulated animals, which are defined as the relative PK A activity of 1 (dashed lines). Each data point represents the mean Ϯ SEM of relative PK A activity of at least eight independent measurements [1st and 5th stimulus: ANOVA, p Ͻ 0.0001; 0.5 sec after stimulation, the PBS-injected group significantly differs from the corresponding unstimulated AL (*p Ͻ 0.001, paired t test) and all other means ( p Ͻ 0.003, unpaired t test); 30th stimulus: ANOVA, p Ͻ 0.0001; at each time point, the means of the stimulated AL s (PBS-and reserpine-injected groups) significantly differ from their respective unstimulated AL s (*p Ͻ 0.001, paired t test)]. Value at 0.5 sec (PBS-injected animals) significantly differs from all other values ( p Ͻ 0.003, unpaired t test).
in a single AL before habituation. Only local uncaging of cGMP, but not the release of NO in the AL, rescues the effect of systemically inhibited soluble guanylate cyclase on habituation (Fig. 6 ). This strongly suggest that NO in the AL acts exclusively via the soluble guanylate cyclase.
None of the treatments affect response probability to a single sucrose stimulus or dishabituation. This and the previous results provide strong evidence that NO/cGMP-mediated PKA activation in the circuitry of each AL contributes to changes in response decrement but is itself not involved in mechanisms of reflex release and dishabituation.
Spontaneous recovery from habituation does not depend on the PKA system
In a final point, we addressed the question whether the PKA system contributes to mechanisms of spontaneous recovery from habituation. Several reports demonstrate that spontaneous recovery depends on the ISI used for habituation (for review, see Rankin, 1994; Rose and Rankin, 2001 ). Shorter ISIs that lead to Dishabituation by an appetitive stimulus and PKA activity in the AL. A, Animals received 30 sucrose stimuli (ISI, 2 sec) to one antenna, followed by a dishabituating stimuli applied to the contralateral antenna (arrow), and a second session of repetitive sucrose stimulations to the previously stimulated antenna. The values represent the average of the response probability of 15 animals. B, The slow component of PKA activity in both antennal lobes was determined 5 sec after the stimulus number indicated. Values were normalized to PKA activity in unstimulated animals, which are defined as the relative PKA activity of 1 (dashed lines). Each data point represents the mean Ϯ SEM of the PKA activity of at least seven measurements (ANOVA: stimulated side, p Ͻ 0.0001; unstimulated side, p ϭ 0.88; *p Ͻ 0.008, paired t test, stimulated vs unstimulated side). C, The slow component of PKA activity determined in the stimulated AL (data from B) is highly correlated with the corresponding response probability (data from A). Figure 4 . Spontaneous recovery from habituation and slow component of PKA activity. A, Animals were habituated until the criterion of five failures was met. After recovery for the indicated times, the animals received a second habituated session. In the second session, either the previously habituated side or the previously nonhabituated side was stimulated. For each animal, the number of stimuli required for the second habituation session was divided by the number of stimuli necessary in the first habituation session. Each data point represents the mean Ϯ SEM of at least 18 animals (ANOVA: habituated side, p Ͻ 0.0001; nonhabituated side, p ϭ 0.99; *p Ͻ 0.006, paired t test, habituated vs nonhabituated side). B, After habituation and recovery for the indicated times, the slow component of PKA activity was measured in each AL. The values were normalized with respect to PKA activity in unstimulated animals handled identically (dashed lines). Each data point represents the mean Ϯ SEM of at least 10 measurements (ANOVA: habituated side, p Ͻ 0.0005; nonhabituated side, p ϭ 0.97; *p Ͻ 0.003, paired t test, habituated vs nonhabituated side). C, Correlation between the slow component of PKA activity in the AL of the habituated side and the respective relative response probability of the habituated side for the tested recovery times. more rapid habituation than longer ISIs also lead to a faster recovery from habituation. As demonstrated previously (Braun and Bicker, 1992; Müller and Hildebrandt, 1995) and in agreement with other habituation paradigms, short ISIs (1 sec) lead to a more rapid habituation than longer ISIs (3 sec) (Fig. 7A, 1st  habituation session) . Independent of the ISIs, injection of BrcAMP causes the same relative acceleration of habituation ( Fig. 7A ) (mean stimuli number of first habituation session BrcAM P/mean stimuli number of first habituation session PBS: 1 sec ISI, 7,9/12 ϭ 0.66; 2 sec ISI, 13/20 ϭ 0.65; 3 sec ISI, 22/36 ϭ 0.61).
In contrast to findings in other habituation paradigms, recovery from habituation does not depend on the ISIs, at least in the case of the ISIs used in this study. In all cases, the second habituation session after a recovery period of 2 min (half-time as determined in Fig. 4 ) requires approximately half the trials of the previous first habituation session (Fig. 7B ). Because this also applies to BrcAMP-injected animals, the cAMP/PKA system seems not to contribute to mechanisms underlying spontaneous recovery from habituation.
DISCUSSION
Although cAMP-dependent mechanisms seem to play a conserved role in processes leading to long-lasting neuronal changes and long-term memory (LTM) (Schacher et al., 1988; Abel et al., 1997; Müller, 2000) , the function of the cAMP cascade in mechanisms underlying non-associative learning is controversial and not well documented. We show here that, in addition to its function in the induction of long-term associative memory (Mül-ler, 2000) , the cAMP cascade in the honeybee is implicated in very distinct aspects of response habituation. In the circuitry of each antennal lobe, the cAMP/PKA system is selectively implicated in processing repeated appetitive stimulation during response habituation but does not contribute to dishabituation or spontaneous recovery from habituation.
The role of second-messenger cascades in habituation
Work on Drosophila mutants with defects in the cAMP cascade points to a role of the cAMP cascade in habituation (Duerr and Figure 5 . The slow component of PKA activation during habituation is mediated by the NO/cGMP pathway. Thirty minutes before habituation, the animals receive systemic injections (1 l) of the following solutions: A, BrcAMP (500 M) and Rp-BrcAMPS (500 M); B, BrcGMP (500 M) and Rp-BrcAMPS (500 M); C, inhibitors of PKA (KT5720, 100 M) or PKG (KT5823, 500 M); D, inhibitors of NO synthase (NOArg, 500 M) or soluble guanylate cyclase (ODQ, 500 M); and E, the NO scavengers 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (1 mM) and N-tert-butyl-␣-phenylnitrone (1 mM) (Alexis, Grünberg, Germany). In all cases, animals injected with 1 l of PBS were used as controls. The data points for each stimulus represent the average of the response probability of all animals in the respective group (n Ͼ 24). The mean of the number of stimuli required for habituation is indicated by arrows pointing to the abscissa (dashed lines). (ANOVA, p Ͻ 0.0001; Scheffe's post hoc test, p Ͻ 0.0001; * indicates groups that significantly differ from PBS-injected groups). The slow component of the PKA activity in the AL of the stimulated side was determined after the 1st, 15th (or 20th in D and E), 30th, and 60th stimulus (marked by arrows). As shown in the right column, the means of the slow PKA activity in the AL of the stimulated side (n Ն 5 for each time point and treatment) highly correlate with the corresponding response probability. Figure 6 . Dynamics of habituation is modulated by the NO/cGMP system in the circuitry of a single AL. Fifteen minutes before habituation, groups of animals were injected (1 l into the hemolymph) with PBS, caged NO (500 M), and caged cGMP (500 M), or with ODQ (500 M), ODQ plus caged NO, and ODQ plus caged cGMP. For local NO or cGMP release, animals receive light flashes focused onto one AL followed by habituation of the flashed and the nonflashed side. The values represent the mean Ϯ SEM of the number of stimuli needed to meet the habituation criterion for each side. Number of animals tested is indicated in the bars [nonflashed side: ANOVA, p Ͻ 0.0001; Scheffe's post hoc test, p Ͻ 0.004; groups injected with ODQ, ODQ plus caged NO, and ODQ plus caged cGMP differ from groups injected with PBS, caged NO, and caged cGMP; flashed side: ANOVA, p Ͻ 0.0001; * indicates significant differences between habituated and nonhabituated side ( p Ͻ 0.002, paired t test)]. Quinn, 1982; Rees and Spatz, 1989; Engel and Wu, 1996) . However, it is difficult to extract from these findings a consistent picture of how the cAMP cascade contributes to mechanisms underlying habituation. For example, although the effects of dunce (a phosphodiesterase that reduces cAMP levels; Byers et al., 1981) and rutabaga (an adenylyl cyclase that elevates cAMP levels; Livingstone et al., 1984) are antagonistic, the habituation of the proboscis extension reflex is reduced in both mutants (Duerr and Quinn, 1982) . In habituation of the landing response, both dunce and rutabaga mutants habituate more rapidly (Rees and Spatz, 1989) . In another paradigm, the giant fiber-mediated escape response, habituation is reduced in rutabaga mutants and slightly accelerated in dunce mutants (Engel and Wu, 1996) . At first glance, these contradictory effects of the dunce and rutabaga mutants on different behavioral paradigms is not surprising, because rutabaga and dunce gene products are expressed differently within the brain (Nighorn et al., 1991; Han et al., 1992) , and the contribution of particular neuronal circuits to different behaviors is not identical. In the case of the rutabaga, it has been demonstrated recently that only a small neural circuit accounts for the defects of the rutabaga mutant in distinct aspects of olfactory learning. The rescue of rutabaga adenylyl cyclase activity in a subset of Kenyon cells is sufficient to rescue the behavioral defect of rutabaga in olfactory short-term memory (Zars et al., 2000) . Similar rescue experiments can provide substantial information about which brain areas contribute to habituation as tested by the different paradigms in Drosophila.
Distinct mechanisms contribute to habituation and dishabituation
In agreement with the findings from various habituation paradigms in Drosophila, the cAMP/PKA pathway is implicated in the habituation of the proboscis extension reflex in honeybees. In all of these cases, the cAMP/PKA system seems to contribute to habituation regardless of the sensory modality used for the stimulation. In the honeybee, however, the cAMP/PKA pathway seems to be required only for distinct aspects of habituation. Blocking of the cAMP/PKA pathway interferes with neither dishabituation nor spontaneous recovery from habituation in the honeybee. Such a contribution of the cAMP system to the dynamics of habituation but not to dishabituation has also been shown for the habituation of the giant fiber response in Drosophila (Engel and Wu, 1996) . These findings suggest that habituation consists of different clearly separable processes. In the future, this clear distinction between the processes will allow for the identification of mechanisms underlying dishabituation and recovery from habituation.
Although a role of the cAMP/PKA cascade has been shown in various habituation paradigms using aversive as well as appetitive stimulation, it is still not clear whether the cAMP plays a conserved role in habituation regardless of the sensory modality. A detailed comparative analysis testing different habituation paradigms in a single species will be necessary to address this problem. It is clear, however, that signaling pathways other than the cAMP/PKA pathway contribute to habituation, as shown for the Ca 2ϩ /calmodulin-dependent protein kinase (Jin et al., 1998) .
NO/cGMP-mediated PKA activation in antennal lobes contributes to habituation
Although in Drosophila the site of action of the cAMP pathway is unknown, we identified the cAMP/PKA pathway in antennal lobes as the site that contributes to this distinct component of habituation. The detailed analysis of the modulation of the PKA during habituation uncovered two pharmacologically dissectible components ( Fig. 2) : a fast, transient PKA activation that requires monoamines (Hildebrandt and Müller, 1995a,b) and a slow component of PKA activation that is highly correlated with response probability during habituation (Figs. 3, 4) . The latter is mediated by the NO/cGMP system within each AL circuitry (Fig. 6 ). The distribution of the NO-producing enzyme, NO synthase (NOS), and PKA in the AL (Müller and Hildebrandt, 1995; Müller, 1997) point to the sensory neurons and the local interneurons of the AL as possible release sites of NO. Whereas the sensory neurons exhibit a weak PKA immunostaining and an intermediate degree of NOS labeling, the interneurons show very strong PKA and NOS staining. Because non-cell-permeable NO scavengers block the NO-mediated function during habituation (Fig. 5) , the NO released from sensory neurons or interneurons most likely acts on neighboring target neurons that contain the soluble guanylate cyclase and the PKA. Although the details are yet unknown, the neural circuitry mediating signal integration during habituation seems to cover the entire AL. This notion is supported by the findings that (1) the slow component of PKA activation can be measured in each dissected fraction of a single AL and (2) uncaging of NO, cGMP, or cAMP in the entire AL imitates the behavioral effect.
A contribution of sensory neurons and interneurons to habituation has also been demonstrated in other organisms. In Drosophila, targeted expression of mutated enzymes has been used to address the function of mechanosensory neurons in habituation of a reflex controlling leg position (Jin et al., 1998) . Manipulation of the Ca 2ϩ /calmodulin-dependent protein kinase II, which is implicated in synaptic transmission, leads to a reduced reflex response and a severe disruption of habituation. This suggests that the mechanosensory neurons are critically involved in setting the threshold level of the postsynaptic circuit. However, the neural circuit postsynaptic to these mechanosensory neurons is presently unknown.
In C. elegans, lesions of identified neurons enabled the identification of the neural circuit that underlies the touch and tap withdrawal reflexes. These studies demonstrate that a few mechanosensory neurons, interneurons, and motoneurons contribute specifically to habituation (Chalfie et al., 1985; Wicks and Rankin, 1995; Rose and Rankin, 2001) . A similar picture emerges from studies in Aplysia. Although homosynaptic depression is observed in mechanosensory neurons after repeated intracellular current injection, the plastic changes underlying habituation of the aversive tail and siphon withdrawal reflexes seem to occur in interneurons rather than in the sensory neurons .
Mechanisms of NO/cGMP-modulated PKA activation in the AL differ between habituation and associative learning
Recently, we demonstrated that multiple-trial associative olfactory learning induces an NO/cGMP-mediated PKA activation in the AL that is involved in the induction of LTM (Müller, 2000) . In both the induction of olfactory LTM and the appetitive reflex habituation, the NO/cGMP system specifically mediates PKA activation induced by repeated stimulation. A comparison, however, reveals strong evidence that different cellular networks and mechanisms contribute to the function of the NO/cGMP-system in habituation and induction of associative olfactory LTM.
In contrast to the stimulation with one sensory modality in habituation, a distinct temporal pairing of stimuli from two sensory modalities is required to induce NO/cGMP-mediated PKA activation in associative learning. Only the repeated forward pairing of an odor stimulus [conditioned stimulus (CS)] with a sucrose stimulus [unconditioned stimulus (US)] leads to NO/ cGMP-mediated PKA activation in associative learning. The latter occurs in both ALs, whereas during habituation, NO/ cGMP-mediated PKA activation is restricted to one AL. This finding points to basic differences in the induction mechanisms.
The temporal dynamics of PKA activation induced by either habituation or associative learning also differ from each other. Whereas in habituation the contribution of the NO/cGMP system is detectable after 10 repeated sucrose stimulations with an ISI of 1 sec, the NO/cGMP-mediated PKA activation in associative learning is evident after 3 CS-US pairings with an ISI in the range of minutes.
Because of the fact that NO synthesis is Ca 2ϩ dependent, different cellular scenarios have to be postulated with respect to the release sites of NO in habituation and associative learning. Repeated sucrose stimulus during habituation induces NO release from yet unknown but presumably constant and defined release sites within the AL. In associative olfactory learning, the pattern of NO release is most likely restricted to a characteristic subset of glomeruli activated by the particular odor (Joerges et al., 1997) . In both cases, NO acts via regulation of cGMP levels in the target cells. However, our investigations show that the mechanisms of the NO-mediated interactions differ between habituation and associative learning. Whereas local uncaging of NO in the entire AL imitates the presumed behavioral effect in habituation, uncaging NO in the ALs not only fails to imitate the presumed effect on induction of long-term memory but impairs learning in general (Müller, 2000) . This supports the idea that uncaging NO in the entire AL interferes with yet unknown NO-mediated processes required for olfactory learning. These processes are apparently not modulated via cGMP and PKA, because uncaging cGMP and cAMP in the entire AL does not impair olfactory learning and improves LTM formation as predicted.
Together, all of these observations point to different NOmediated processes for habituation and associative learning. A characteristic these processes have in common, however, is that the NO system in the ALs plays an important role in translating temporal features of stimulation into distinct temporal activation patterns of intracellular pathways such as the cAMP/PKA pathway.
